Abstract. As therapeutic monoclonal antibodies (mAbs) become a major focus in biotechnology and a source of the next-generation drugs, new analytical methods or combination methods are needed for monitoring changes in higher order structure and effects of post-translational modifications. The complexity of these molecules and their vulnerability to structural change provide a serious challenge. We describe here the use of complementary mass spectrometry methods that not only characterize mutant mAbs but also may provide a general framework for characterizing higher order structure of other protein therapeutics and biosimilars. To frame the challenge, we selected members of the IgG2 subclass that have distinct disulfide isomeric structures as a model to evaluate an overall approach that uses ion mobility, top-down MS sequencing, and protein footprinting in the form of fast photochemical oxidation of proteins (FPOP). These three methods are rapid, sensitive, respond to subtle changes in conformation of Cys→Ser mutants of an IgG2, each representing a single disulfide isoform, and may be used in series to probe higher order structure. The outcome suggests that this approach of using various methods in combination can assist the development and quality control of protein therapeutics.
Introduction
T he development and quality assurance of protein therapeutics and biosimilars present a significant challenge because proteins, unlike small-molecule drugs, are highly vulnerable to conformation and oligomerization-state changes that may compromise efficacy and pose immune problems [1] . The issue is immediate because the worldwide sale of biologics already exceeds $100 billion annually [1] and is growing by approximately 10 % per year. Biotherapeutics, which include recombinant blood products, monoclonal antibodies, and recombinant vaccines [2] , provide treatment for a wide range of diseases [3, 4] . Specific analytical needs are evaluation of biosimilars and demonstration of similarity between innovator and biosimilar materials [1, 5] , especially as production methods change and regulatory approval is sought (these issues are covered in recent reviews [1, [5] [6] [7] ). The reviews emphasize approaches to determining primary structure and locating sites of glycosylation. The issue we address is higher order structure and conformation. The best approach may be a "totality-of-the-evidence" approach that uses multiple complementary methods to evaluate structure, providing "fingerprints" of products that are manufactured differently [8] . Here, we describe our response to this need by implementing a serial MS-based approach for characterizing antibody mutants.
We chose monoclonal antibodies (mAbs) because they are the largest class of developing biotherapeutics [9, 10] . Most are of the IgG1 subclass owing to its increased effector functions [11] . Interest in IgG2, however, is increasing in indication where effector functions are unnecessary [12] or even detrimental to the therapeutic effect [13] . A successful approach should be sensitive to small differences in primary and higher order structure from changes in manufacturing or storage.
IgG2 antibodies display disulfide-bond heterogeneity [14, 15] . Previously, three distinct disulfide isomers, IgG2-A, A/B, and B (Figure 1 ), were partially separated, and their disulfidebonding patterns mapped [14] . Depending on redox environment, these isomers interconvert, possibly enabling IgG2 antibodies to regulate function [15] . To understand the role of isomers, Lightle et al. [16] constructed cysteine-to-serine substitutions on the IgG2 anti-CD44 antibody. The single and double substitutions force the antibody into a single isoform that displays no significant binding differences to the CD44 extracellular domain [16] . A large difference occurs, however, in the binding of a secondary antibody to the hinge region of the IgG2, suggesting that disulfide isomers have structural alterations in the hinge region. We take advantage of the availability of these substituted IgG2 antibodies to test the sensitivity of three mass-spectrometry methods used in combination to reflect structure of these closely related materials.
Elucidating conformational differences of IgG2 isomers should take advantage of X-ray crystallography, NMR, mass spectrometry (MS), and molecular modeling/dynamic simulations [17] [18] [19] [20] [21] . MS, although of lower resolution than NMR and X-ray, offers multiple protein-structure approaches [17] [18] [19] [20] [21] , the sum of which is "greater than the parts" [22] . Approaches amenable to combination include ion mobility MS (IMMS) [23] , top-down MS [24, 25] , protein footprinting [26] [27] [28] [29] [30] , peptide mapping [31] , native ESI [32] , and high mass resolving power FTICR MS [33] , all of which have been used separately for antibody structure. IMMS reports on size and shape of macromolecules [34] , whereas top-down MS provides structural information lost in bottom-up proteomics [20, 35, 36] . Footprinting reveals site-specific, conformation-sensitive solvent accessibility. Footprinting via fast photochemical oxidation of proteins (FPOP) labels on the μs timescale [37, 38] , preempting any labeling-induced structural changes and providing residue-level information [28, 39] . These methods, although powerful in their own right, have different turnaround times. IMMS and top-down MS experiments, for example, can be conducted in approximately 1 h, whereas footprinting is considerably slower for data processing but has considerably higher resolution at the peptide and even amino-acid levels. Thus, we first applied modeling, ion mobility, and top-down MS because they have faster turnaround. Differences seen by IMMS or top-down MS motivate carrying out the more timedemanding footprinting experiments (e.g., FPOP, hydrogen deuterium exchange (H/DX), or specific amino-acid labeling) to pinpoint the conformational differences between samples (here, disulfide isomers of the IgG2 antibodies [14] ). This "toolkit" not only characterizes the structural differences of IgG2 isomers but also provides a framework for assessing other biotherapeutics.
Experimental

Materials
Hydrogen peroxide (30 %), L-glutamine, L-methionine, trypsin, catalase, phosphate buffered saline, urea, tris-(2-caroboxyethyl) phosphine hydrochloride (TCEP-HCl), iodoacetamide, DL-dithiothreitol (DTT), acetonitrile, water, ammonium acetate, and cesium perfluoroheptanoate were from Sigma-Aldrich (St. Louis, MO, USA). Lys-C was from Roche Applied Science (Indianapolis, IN, USA). Silica capillary tubing (360 um o.d., 150 um i.d.) was from Polymicro Technologies (Phoenix, AZ, USA). The native ESI spray tip was custom-made by using a pulling machine (Sutter Instrument Co., Novato, CA, USA), as described elsewhere [40] . The protocols of cloning, expression, and purification for human IgG2 antibody (anti-CD44 monoclo- nal antibody) were reported previously [16] . Those protocols were adopted without modification for preparing the mAb samples used in these experiments.
Homology-Based Model Building
The homology model for full length CD44 mAb was made using 'Homology Model' module in MOE (Chemical Computing group, www.ccg.com). The crystal structure of a full length murine IgG2a antibody from Protein Data Bank (PDB) (www.pdb.org, 1IGT) was the template, after replacing its hinge with that found in human IgG2 mAbs [41] . The murine IgG2a structure (1IGT) was chosen over that of fulllength human IgG1 antibody because its hinge region is most similar in sequence with the human hinge IgG2. One thousand (100 back-bone models and 10 side-chain models per backbone model) intermediate homology models were generated and optimized via energy minimization by using the homology model module in MOE2010.10 (all-atom AMBER99 force field was used). A cutoff of 12 Å with switching starting at 10 Å was applied to non-bonded interactions. Generalized Born implicit solvation was employed; interior and exterior dielectric values were 4 and 80, respectively. The 1000 intermediate models were ranked using Generalized Born Volume Integral (GB/VI) score, and the best ranked model was selected for further optimizations. The final model was checked for stereochemical precision and was found to be of high quality.
Structural Models of Mutants
The initial A-form homology model of the CD44 IgG2 mAb was used to create models for Cys→Ser single and double mutants described here. The relevant Cys residue was mutated to Ser using 'Mutate' command in MOE. The side-chain rotamers for the mutated residue were explored to find the best rotamer. The conformations of mutated residue (or two residues in case of double mutants) and the neighboring residues were energy minimized while keeping fixed the remaining atoms. In the next step, all of the atoms were unfixed, and the whole model was energy minimized again by using the protocol described above.
Accessible Surface Area Calculations
Accessible surface area values for wild type (WT) and mutant antibodies were computed using 'Solvent Accessibility' command under Structure module in Discovery Studio 3.1.
Ion Mobility
Antibodies were buffer exchanged into 200 mM ammonium acetate pH6.8 with a Vivaspin 500 ultrafiltration device (Vivaproducts, Littleton, MA, USA). Antibody samples were delivered by NanoAcquity UPLC (Waters Inc., Milford, MA, USA) at flow rate of 100-400 nL/min. The sample solution was injected to a hybrid ion-mobility quadrupole time-of-flight (Q-IM-TOF, Synapt G2 HDMS; Waters Inc., Milford, MA, USA) by a custom nano-spray tip. All samples were acquired under the same gentle instrument conditions (capillary voltage 1.5 kV, sampling cone 80 V, extraction cone 4 V, source temperature 80°C, trap collision energy 6 V, and transfer collision energy 0 V). The pressure of the backing region was 5 mbar. For the IM, the helium cell and the IMS gas flows were 180 and 90 mL/ min, respectively, the IMS wave velocity was 650 m/s, and the IMS wave height was 40 V. Nitrogen was the carrier gas. An IM spectrum was acquired from m/z 1500-7500 every 1 s, after external calibration to 8000m/z with NaI solution. Peak picking and data processing were by Masslynx (ver. 4.1) and DriftScope software (Waters Inc., Milford, MA, USA). The ion-mobility signal was averaged for 2-3 min, and Gaussian fitting gave centroid drift time values (in triplicate).
Top-Down Mass Spectrometry
Antibody samples in the 200 mM NH 4 OAc solution were infused into a Solarix 12 T FTICR mass spectrometer (Bruker Daltonics, Bremen, Germany) by nanospray at 100 nL/min. The capillary voltage was 1.1-1.5 kV. External calibration to m/z of 8500 was with cesium perfluoroheptanoate clusters. Parameter optimization gave a good native ESI spectrum, as described previously [20, 42] . For topdown MS, the voltage for in-source collision-induced dissociation (ISCID) was tuned from 0 to 100 V. Electroncapture dissociation (ECD) pulse length was 0.04 s, bias was 0.4 V, and lens voltage was 10 V. The ECD hollow cathode heater current was 1.6 A. Both ISCID and ECD were applied to obtain fragmentation. Spectra from 200 to 15000m/z were an average of several hundred scans. Peak picking and spectral deconvolution were done by using Bruker Data Analysis software and Prosight PTM (V1.0, https://prosightptm.northwestern.edu).
FPOP Labeling
Antibody samples were buffer exchanged into PBS buffer (10 mM phosphate buffer, 138 mM NaCl, 2.7 mM KCl, pH 7.4) and diluted to 10 μM in PBS. Glutamine (15 mM) was added to scavenge OH radicals, limiting their lifetime tõ 1 μs [37] . Immediately prior to labeling, 15 mM H 2 O 2 was added, and samples were infused into silica tubing past a 2.45 cm window at a rate of 14 μL/min with an exclusion fraction of 15%. The laser frequency was set to 5 Hz, and the power was 42 mJ. The FPOP device setup followed a previously published protocol without modification [39] . Samples were labeled and analyzed in triplicate. Samples were dried, resuspended in 8 M urea, reduced with 10 mM TCEP-HCl, alkylated with 20 mM iodoacetamide, and digested with LysC (1:100 ratio), trypsin (1:20 ratio), and desalted using C 18 Nu-Tip zip tips (Glygen, Columbia, MD, USA), as previously described [28] . The samples were loaded in a silica capillary column, custom-packed with C 18 reversed phase (Magic, 0.075 mm×150 mm, 5 μm, 120 Å; Michrom Bioresources, Inc., Auburn, CA, USA) with a custom-pulled tip. Samples were separated by using a 60 min gradient from 0%-80% acetonitrile at a flow rate of 260 nL/min pumped by an Ultra 1D+UPLC (Eksigent, Dublin, CA, USA). Product-ion mass spectra were collected on a LTQ-Orbitrap XL in data-dependent mode controlled by Xcalibur 2.0.1 software (Thermo-Fisher, San Jose, CA, USA) over m/z 350-2000 range at mass resolving power of 60,000 for m/z 400. The six most abundant ions, with a charge of at least +2 (+1 ions were rejected), with a minimum intensity of 1000 were subjected to CID in the linear ion trap.
FPOP Data Analysis
Data was analyzed as previously described [28] . Briefly, the raw MS files were aligned by using Rosetta Elucidator ver. 3.3.0.0.220 (Rosetta Biosoftware, Seattle, WA, USA) and then searched for modified and unmodified tryptic peptides by using MASCOT 2.2.06 (Matrix Science, London, UK). All known oxidative modifications [43] [44] [45] were added to the search. The extent of modification was calculated as described previously [28, 39] . Alkylation with iodoacetamide adds a carbamidomethyl group (MW057.0214 Da) to cysteine-containing peptides. Additionally, the N-terminus of several peptides was carbamylated (increase of 43.0058 Da) by urea. These modifications were subtracted from the Net Mass Change column in Supplementary Information Table S1 and Table S2 , and were not used for quantitative analysis of oxidative labeling.
Results
Modeling Shows Hinge-Region Changes
We built a homology-based model for the full-length WT by using the murine IgG2 mAb crystal structure (PDB entry, 1IGT) as a template to obtain models for the C135S, C223S, C224S, and C223S/C224S mutants ( Figure 2 ). For C135S, where heavy-chain Cys is substituted by Ser, one possibility for its disulfide partner Cys214 in the light chain is to remain reduced. Alternatively, Cys214 can form a non-native S-S with either Cys223 or Cys224 in the upper hinge region, requiring breakage of inter-heavy chain S-S between Cys223 or Cys224. C135S ( Figure 2 ) has a S-S between Cys214 (light chain) and Cys223 (hinge), inducing IgG1-like inter-chain S-S bonding (Figure 1 ). The C223S, C224S, and C223S/C224S mutants have an S-S between Cys135 (Fab, heavy chain) and Cys214 (Figure 2) , as for IgG4 inter-chain S-S (Figure 1) . Solvent-accessible surface areas (SASA) from modeling show that mutants expose smaller surface areas than WT (based on the IgG2-A disulfide isoform), suggesting that mutants are more compact than WT disulfide isoform A ( Table 1 ). The hinge regions have greater root mean square Table 2 ) for C135S (light-chain Cys214 to heavy-chain Cys223), C223S, C224S, and C223S-C224S double mutant ( Supplementary Information, Figure S1 ), forecasting large conformational changes in the hinge. The Fab arms of the mutants move towards each other and the Fc, and most conformational changes occur in the hinge, consistent with molecular dynamics of Hinge++ [41] , as will be experimentally confirmed later.
Ion Mobility Reveals Conformational Differences
Given that IM is fast and gives a global view of conformational differences, it is a good first choice for experimentally testing differences of antibodies. Previous studies underscored the efficacy of IMMS for IgG2 disulfide isomers [23] , permitting distinction of IgG2-A and IgG2-B. A single Cys→Ser substitution at 223 does not cause a change in drift compared with IgG2-A.
For conformational analysis of WT and disulfide mutants, we preserved structure by using native ESI (200 mM NH 4 OAc) and saw the expected lower charging (Figure 3a) compared with denaturing ESI. The WT shows two peaks (Figure 3a) , representing two conformers (Figure 3b Figure S2 ) [16, 46] . The drift times of the four mutants and that of one conformer of WT (Figure 3c ) are similar, indicating the mutants are more compact than the slower drifting conformer of WT. Similarly, Bagal et al. [23] separated IgG2 into A (42%) and B (58%) by IMMS and demonstrated that A has the shorter drift time. We found that the hinge mutants, C223S, C224S, and C223S/C224S, have an A-like conformation because their drift times are similar to that of C135S that has an IgG1-like conformation. An A conformation is similar to that of IgG1, which was shown previously [23] . The faster drifting isoform in the WT sample is the A/B isoform, and the slower drifting, less-compact species is the B isoform. Conformer A may co-drift with the A/B, but this awaits confirmation by enrichment studies. Clearly, IMMS can reflect conformational states of IgG isoforms, but it does not provide high resolution.
Native ESI Top-Down MS Shows Flexible Regions
Antibodies under denatured conditions were studied by using ETD (electron transfer dissociation) [25] top-down analysis. Although 15 %-21 % sequence coverage can be achieved upon introduction by denaturing ESI, this coverage is not applicable here because the antibodies ( Figure 4a ) were introduced with native-like structures. Besides having fewer charges than when introduced by denaturing ESI, the antibody ions also give a narrower charge state span (+24 to +28) and higher m/z. ECD without preactivation cleaved a limited number of backbone sites in the light chain, consistent with considerable intramolecular interactions in this region. In our previous work [20, 42] , we hypothesized that top-down fragmentation combined with native ESI of an intact protein assembly prefers to occur in flexible regions with high B-factor values, a measure of such in X-ray crystallography. ECD, following in-source collision-induced dissociation (ISCID) at 50 V, induces fragmentation (Figure 4a ) to yield ions of m/z 500-4000 from the antibodies. Although no heavy-chain fragments are formed, the WT and mutants afford several light-chain c-type fragments (from residues 88-111, a region presumably of high flexibility [ Figure 4b] ). Fragmentation occurs close to the N terminus whereas the C-terminus (residues 126-214) is unreactive, presumably because this region is less flexible than the N-terminus (Figure 4b ).
The fragmented, flexible regions of the protein, when mapped onto the homology model of the WT antibody, are in the loop secondary structure (Figure 4c) . Presumably, these S-S bonds impart rigidity to the remaining part of the antibody. All mutant antibodies displayed ECD patterns that are similar to those of WT ( Supplementary  Information, Figure S3 ), indicating that disulfide isomers have minimal conformational differences in the light chain.
FPOP Correlates Flexibility and Solvent Accessibility
Another approach to distinguish macromolecules is footprinting. Hydrogen deuterium exchange (H/DX), which has been used for IgG1 antibodies [21, 27, 47] , is arguably the most widely used MS-based approach. H/DX of IgG2 antibodies is hampered, however, by difficulties in reducing the hinge disulfides and in digesting the hinge region, owing to the four closely spaced disulfide bonds in this region [48] . In contrast, IgG1 antibodies contain only two disulfide bonds in this region. Further, the hinge region of the IgG2 antibody used in this study contains several proline residues. Pepsin, the primary enzyme used in HDX studies, does not cleave well at proline sites [48, 49] . We invoked, alternatively, fast photochemical oxidation of proteins (FPOP) to probe differences between IgG2 isomers because results are readily obtained at the residue level, reflecting local solvent accessibility [45] . We expected those highly flexible regions identified by top-down MS to be solvent-accessible [50] . To test, we submitted the WT antibody and the four mutants to FPOP oxidative labeling, followed by trypsin digestion and LC/MS/MS analysis, to obtain detailed residue-level information [28] . Antibody digestion yielded 12 readily identified peptides from the light chain, 11 of which are oxidatively modified ( Figure 5a , and Supplementary Information Tables S4-6 ). Although the N-terminal light chain (peptides 1-18 and 46-54) contains many FPOP-reactive residues (Leu, Ile, Val, and Pro), it shows minimal (G5 %) oxidative modification, indicating low solvent accessibility (Figure 5a) . Further, the light-chain Cterminus (peptides 150-169 and 191-207) undergoes sparse modification, and peptide 170-183 exhibits no modifications at all (relative abundance with respect to unmodified peptide is G0.01%) despite containing a highly reactive tyrosine. Thus, the light-chain C-terminus is not solvent-accessible. Taken together, footprinting outcomes corroborate top-down MS results that also show minimal fragmentation in the N-and Cterminus of the light chain. The low flexibility in this region is due to structural constraints of the disulfide bond between residues 134 and 194 (Figure 4c) .
In contrast to the N-and C-terminal peptides, those of 62-91 and 92-103 in the middle of light chain undergo higher levels of oxidative modification, pointing to higher solvent accessibility of reactive residues. Peptide 62-91 contains four oxidized residues (Cys [44] . FPOP data agree with top-down MS results that show extensive fragmentation for residues 88-111 and 121-145 (Figure 4b) . The outcomes underscore advantages of using tandem methods. 
FPOP Identifies Local Conformation Changes
Since no discernible differences were observed in the FPOP modification in the light-chain region, our focus was shifted to the hinge region, where the major differences in the disulfide bonding pattern of IgG2 antibodies occur (Figures 1  and 2 ). The hinge region is represented by a single peptide, 223-248, which has modified Pro Information Tables S1-S3 ). These residues are not modified for the mutants, removing any analysis complications introduced by intrinsic hydroxyl radical reactivity. To demonstrate, we show a product-ion spectrum of the peptide, singly oxidized on Pro 229 (Figure 5c ). Although y 19 , from cleavage at Cys 230 , is not modified, a mass shift of +16 Da occurs for y 20 (cleavage at Pro 229 ), indicating modification on this site (Figure 5c ). The y 20 ions, observed as 2+ and 2+ and 3+ each with loss of NH 3 , give consistent results. The labeling extent for WT is 960% (Figure 5d) , consistent with the high flexibility of the hinge [51] . The mutants all exhibit decreased oxidation (Figure 5d ), especially for hinge mutants, C223S, C224S, and C223S/C224S, the oxidation levels of which are less than 10%. The modification extent of the C135S mutant is~5 0%, only slightly less than that of WT. Although the substitution is not located in the hinge, the altered S-S bonding of Cys 214 (light chain) to Cys 223 (heavy chain, Figure 2 ) must induce a structural change in the hinge. Given the hinge's decreased solvent accessibility, the mutant must be more compact than the WT (Table 1) . Thus, both FPOP and ion-mobility results (B isoform has the longest drift time) concur on the more open conformation, and FPOP localizes the responsible region to the hinge region.
FPOP Reveals Solvent Accessibility in the CDR
The region of the antibody where the antigen binds is called the complementarity-determining region (CDR). In total, antibodies have six CDRs, three on the light chain (CDR-L1, L2, and L3) and three on the heavy chain (CDR-H1, H2, and H3). The three light-chain and the first two heavy-chain CDRs can be identified from their amino acid sequence and have a limited number of canonical structures. The third heavy-chain CDR, CDR-H3, which is important in antigen recognition, lies in the center of the antigen-binding site and is substantially diverse in length, structure, and sequence [52] . CDR3-H3 determines affinity and specificity for antigen binding [52] . Because a specified antibody from a different source, for example, should not show changes in this region, we analyzed the FPOP labeling data to determine whether FPOP can inform conformation differences among the mutant antibodies in the CDR.
The light-chain CDR has greater solvent accessibility than the heavy chain because it gives more oxidative modification. In CDR-1, for example, H1 undergoes nearly 6-fold more modification than does L1 even though L1 contains an expectedly reactive Tyr, which does not detectably react. The oxidative modification levels of both WT and the C135S mutant are less in the CDR-L1 and H2 compared with the C223S, C224S, and C223S/C224S (Figure 5b ). The C135S mutant also displays decreased modification in the CDR-H1. The modifications of CDR-L2 and -L3 are fairly constant among the antibodies. Notably, CDR-H3, which is responsible for antigen specificity and affinity [52] , displays no significant FPOP differences for mutants versus WT, suggesting antigen-binding affinity of the mutants and WT should be similar [16] .
Discussion
The use of multiple complementary MS-based methods provides rapid structural characterization of the antibody mutants, even in the absence of high resolution structures. MS-based methods provide, for each mutant, a structural "fingerprint" that can establish the presence of conformational differences. Although IM provides information only on the global level, its rapid throughput is advantageous as a first step. In this case, IM verifies that the WT is composed of two major isomers and that each of the mutants is more compact than the dominant WT component. The lack of high resolution, however, remains an obstacle in full characterization. For example, although differences in mobility are conclusive, identical mobilities may not mean identical conformations.
Top-down MS and FPOP provide more site-specific information for these conformational changes. Moreover, top-down MS shows that flexibility occurs in the light chain for all mutants. Although the top-down data at this level of coverage do not verify those regions that are changing, it does quickly probe certain regions of the antibody for which a conclusion can be drawn. FPOP, on the other hand, provides residue-level information for the entire antibody, locating the conformation differences determined by IMMS, identifying the hinge as the site of these differences, verifying the flexible regions in the light chain, and demonstrating that few solvent-accessibility differences occur in the CDRs. When IM, as a starting point, establishes the presence of conformational differences, a more detailed and demanding FPOP (or H/DX) analysis is motivated.
All the data provide a consistent picture for interrogating structural changes in an antibody and its mutants. Previous MD simulations on model human IgG2 mAbs [41] indicate that the absence of disulfide bonds causes the two heavy chains to pack against one another in the hinge via noncovalent interactions. When the disulfide bonds are removed in the hinge, as for mutants C223S, C224S, and C223S/C224S, the structure in these regions become more compact. IM shows that the B isoform has the longest drift time and, thus, the most open conformation. Further, FPOP shows only a slight decrease in modification in the C135S mutants, which represents an IgG1-like structure, confirming this protein is not as compact as the C223S, C224S, and C223S/C224S mutants. IMMS is unable to confirm this because it is of lower resolution. The lack of significant oxidative modification differences of the anti-CD44 IgG2 CDR region indicates that the structural differences between the isoforms do not affect the antigen binding affinity. This was also demonstrated by ELISA [16] .
Conclusion
The outcomes from molecular modeling and biophysical MS afford a more complete picture than from any method alone. This particular approach, which probes protein native structure, consists of IMMS, top-down fragmentation, and protein footprinting. Although the approaches are at an early stage of development and do not yet afford complete answers, the results and the importance of the problem provide incentive for improvement and expansion. Future advances in the resolution and precision of IMMS will permit finer distinctions than can be made today. Similarly, improvements in the dynamic range of top-down sequencing will allow discrimination of regions having different and lower flexibility, but, even with these improvements, the most flexible regions will still be identified as they are in this study. Both the ion mobility and top-down MS require native electrospray to maintain as much as possible the native structures in the gas phase, and improvements should increase sensitivity by introducing more ions to the instrument. It may also be possible to break apart the antibody into various components, as was mentioned in a recent review [6] , and use a middle-down approach, provided that native structure can be maintained.
Improvements in FPOP will see the development of new reagents to complement •OH radicals and give different views of the antibodies, but the major improvement needed is more efficient data processing to permit faster turnaround. The use of multiple MS approaches is sufficiently advantageous that they may become standard practice for characterizing novel biologics and biosimilars and for minimizing the need for animal and human testing. We certainly do not rule out other combinations but rather encourage exploring them based on the premise that efficiency and information content are increased by using combinations of methods. We acknowledge that although mass spectrometers are expensive, the throughput, information output, and commercial impact in drug development justify the investment.
